A blood test to detect stroke and its causes would be particularly useful in babies, young children, and patients in intensive care units and for emergencies when imaging is difficult to obtain or is unavailable. Whole genome microarrays were used to show specific gene expression profiles in rats 24 hours after ischemic and hemorrhagic stroke, hypoxia, and hypoglycemia. These proof-of-principle studies revealed that groups of genes (called gene profiles) can distinguish ischemic stroke patients from controls within 3 to 24 hours after the strokes. In addition, gene expression profiles have been developed that distinguish stroke due to large-vessel atherosclerosis from cardioembolic stroke. These profiles will be useful for predicting the causes of cryptogenic stroke. The results in adults suggest that similar diagnostic tools could be developed for children.
The diagnosis of myocardial infarction is made using a combination of a blood test for troponin and an electrocardiogram (ECG). This can be supplemented with additional evaluations, but the blood test and ECG are rapid and accurate. A similar tool would be useful for the diagnosis of stroke.
The diagnosis of stroke is made primarily based on history, physical examination, and brain imaging. Brain imaging can be challenging in children, in patients in intensive care units, and in many emergencies. Indeed, the development of a stroke blood test has been identified as a priority by the US National Institutes of Health. Many studies have now been performed searching for proteins in blood that could be used to diagnose stroke and its causes. [1] [2] [3] Most of these protein biomarkers, however, have not been sufficiently sensitive and specific nor do they change early enough after stroke to be clinically useful. To address this, several recent studies have evaluated panels of proteins that have improved sensitivity and specificity. 3 We adopted a different strategy by examining RNA expression in blood. The development of microarrays made it possible to assess all known genes on a single array. Since most RNA in blood is found in leukocytes, RNA expression from blood would mainly represent changes in immune cells related to brain injury. Another reason for studying RNA was that it is induced very rapidly and should be an earlier marker of injury than are newly synthesized proteins. Finally, new arrays can assess individual exons, and next-generation RNA sequencing can do the same to assess alternative splicing in immune cells in response to brain injury, including stroke.
Animal Studies
At the time we began these studies, it was not known whether gene expression would change in peripheral leukocytes in response to an isolated injury in brain. In addition, even if gene expression changed, would there be enough cells to increase gene expression to a degree that microarray or reverse transcription polymerase chain reaction could detect it? Thus, we designed a study in which adult rats were subjected to (1) ischemic stroke, (2) intracerebral hemorrhage produced by blood injections into brain, (3) kainic acid-induced status epilepticus, (4) hypoglycemia induced using insulin, and (5) systemic hypoxia (8% oxygen) and compared with sham controls and untouched control rats. 4 After 24 hours, blood samples were drawn while the subjects were under deep anesthesia. RNA was isolated from peripheral blood monocytes and processed on early generation rat microarrays. 4 Results of these studies are shown in Figure 1 . An analysis of covariance was performed for all the groups. A number of genes were differentially expressed between the groups. However, no single gene could differentiate one group from all of the others. Thus, we performed a cluster analysis of the regulated genes, as shown in Figure 1 . Animal groups are shown on the y-axis and genes are on the x-axis. Upregulated gene expression is in red and downregulation is in bright green. Note that 2 groups of genes appear to be similarly regulated in all of the groups (shown with 2 arrows). We proposed that these genes related to surgical, handling, or other stresses that were common to the groups and that differed from those in the untouched control animal group.
The primary finding, however, was that although no single gene could differentiate the groups, a composite set of genescalled a gene expression profile-did separate the groups. If one looks down each row for each treatment condition and animal group, gene expression patterns differ for each condition. That is, there is a bar code of gene expression that is different for each group. This led us to hypothesize that there would be RNA expression profiles in the blood of humans that would be specific for ischemic stroke, hemorrhagic stroke, and other types of brain injury. 4 
Ischemic Stroke Studies in Humans
Following our proof of principle study in rodents, 4 the first human study looking at whole-genome RNA expression profiles stroke patients was published by Moore et al. 5 They isolated RNA from peripheral blood monocytes of patients several days after ischemic strokes and RNA from blood of healthy controls. Comparison of the RNA expression levels in the 2 groups showed 190 differentially expressed genes, and these predicted a second cohort with a sensitivity of 78% and a specificity of 80%. 5 This study provided the first proof of concept in humans, although the accuracy of diagnosis was probably not sufficient for clinical purposes.
Therefore, we performed a separate study in humans but with some modifications that we thought would improve predictions. Instead of isolating peripheral blood monocytes from patients following stroke, we drew blood into PAXgene tubes. Isolating peripheral blood monocytes can potentially affect gene expression, particularly if there were differences in the time when the cells were isolated or variations in their processing. PAXgene tubes offered the advantage that blood cells within the PAXgene tubes were immediately lysed and the RNA was stabilized by a proprietary reagent in the tubes. In addition, the PAXgene tubes were standard vacutainer tubes that could be drawn by untrained personnel and stored frozen until processed.
For our first human study, blood was collected into PAXgene tubes from 15 ischemic stroke patients at 3 hours, 5 hours, and 24 hours after their strokes and compared with 14 control samples. 6 These patients were part of the CLEAR clinical trial, where patients received intravenous tissue plasminogen activator or tissue plasminogen activator plus eptifibatide after the first blood sample but before 3 hours. Blood was collected in PAXgene tubes and stored frozen at -70 C. RNA was isolated and processed on human Affymetrix microarrays (Santa Clara, California). An analysis of variance showed that 1355 genes were regulated in the blood of the ischemic stroke patients compared with healthy controls, using a false discovery rate of 5% and a fold change cutoff of 1.2. A cluster analysis of these 1355 genes showed that they separated controls from ischemic stroke patients (Figure 2 , lower panel). We then used a mathematical algorithm (prediction analysis of microarrays) to derive the minimum number of genes that best predicted ischemic stroke versus controls (Figure 2) . A cluster analysis of these 25 genes again showed that they separated ischemic stroke patients from healthy control subjects (Figure 2 ). These 25 genes were able to predict 100% of the stroke samples compared with control samples at 24 hours using cross-validation, and they correctly predicted most patients who had strokes at 3 hours and 5 hours. 6 To address the issue of reproducibility due to the problem of multiple comparisons, we recently repeated our initial study in a larger cohort. 7 Thus, patients with ischemic stroke (n ¼ 70, 199 samples) were compared with control subjects who were healthy (n ¼ 38), controls who had vascular risk factors (n ¼ 52), and ''controls'' who had myocardial infarction (n ¼ 17). Whole blood was drawn into PAXgene tubes at 3 hours, 5 hours, and 24 hours after stroke onset. RNA was isolated and processed on microarrays. The genes from our original study predicted the new ischemic strokes with 93.5% sensitivity and 89.5% specificity. To obtain profiles that would distinguish ischemic stroke from all control subjects, we derived 60-and 46-gene profiles that differentiated control groups from 3-hour and 24-hour ischemic stroke samples, respectively ( Table 1) . A 97-probe set correctly classified 86% of ischemic strokes (3 hours þ 24 hours), 84% of healthy subjects, 96% of vascular risk factor subjects ( Table 1) , and 75% with myocardial infarction (not shown). 7 Thus, this study replicated our previously reported gene expression profile in a larger cohort and identified additional genes that discriminate ischemic stroke from relevant control groups. 7
Causes of Ischemic Stroke in Humans
Ischemic strokes in adults are due to large-vessel atherosclerosis, cardioembolism, lacunar strokes, and a variety of medical and genetic causes. However, for nearly a third of all ischemic strokes in adults a cause is not identified, despite intensive medical and neurological investigations. These strokes are referred to as ''cryptogenic strokes'' and are generally treated with platelet inhibitors if tolerated. [8] [9] [10] [11] [12] [13] However, if the cryptogenic strokes were known to be due to cardioembolism, they would be treated with anticoagulants. As an example, patients can have a stroke due to atrial fibrillation, but the atrial fibrillation may have resolved by the time an ECG is performed. The identification of this paroxysmal atrial fibrillation may not be made until a second cardioembolic stroke. 11 Thus, we reasoned that if we could develop gene expression profiles for the known causes of ischemic stroke, then these profiles could be used to predict the causes of cryptogenic strokes.
We therefore performed the first human study to determine whether there were RNA expression profiles in blood that could differentiate cardioembolic from large-vessel atherosclerotic causes of ischemic stroke. In our first study, peripheral whole blood samples were drawn from acute ischemic stroke patients (3, 5, and 24 hours) and healthy controls. RNA was isolated and processed on expression arrays. Expression profiles in the blood of cardioembolic stroke patients differed from large-vessel atherosclerotic stroke patients. Of the 77 genes that differed between the 2 groups (fold change >1.5, P < .05), a minimum number of 23 genes differentiated the 2 types of stroke with greater than 90% specificity and sensitivity. 14 Notably, some of the genes that distinguished cardioembolic from atherosclerotic stroke displayed little change over time. These might be genes expressed differentially prior to stroke-and perhaps they indicate risk of stroke. Other genes displayed significant change over time, suggesting time-dependent alterations within the differential gene expression of immune cells when the stroke was caused by cardioembolism or atherosclerotic lesions and/or treatment effect. 14 A caveat to the interpretation of these studies is that the changes of gene expression could be related to the treatments that the patients received at 3 hours. However, even with the <3-hour blood samples before any treatment, gene profiles differentiated cardioembolic from large-vessel atherosclerotic causes of stroke. 14 We have recently confirmed these initial findings using 194 samples (3 hours, 5 hours, and 24 hours after stroke) from 76 acute ischemic stroke patients. 15 RNA was isolated from PAXgene tubes and processed on whole-genome human Affymetrix U133 expression microarrays. A 40-gene profile differentiated cardioembolic stroke from large-vessel stroke with greater than 90% sensitivity and specificity (Figure 3) . A separate 37-gene profile differentiated cardioembolic stroke due to atrial fibrillation from nonatrial fibrillation causes with greater than 90% sensitivity and specificity (not shown). When these profiles were applied to patients with cryptogenic stroke, 17% were predicted to be large-vessel and 41% to be cardioembolic stroke. Of the cryptogenic strokes predicted to be cardioembolic, 27% were predicted to have atrial fibrillation. 15 Thus, we have demonstrated the feasibility of using gene expression to demonstrate the causes of ischemic stroke and of using these profiles to predict the causes of stroke in those patients for whom the causes cannot be definitely determined with current methods.
Conclusions
The animal and human studies to date suggest that RNA expression profiles obtained from blood have the potential to diagnose ischemic stroke and its causes. These findings have not been translated into clinical practice, and further research is Values are percentages. An analysis of variance with a false discovery rate correction of 5% and a 1.2-fold change cutoff yielded 60 genes for 3-hour stroke versus controls, 46 genes for 24-hour stroke versus controls, and 97 genes for combined 3-hour and 24-hour stroke versus controls. These genes were then used as an input into prediction analysis of microarrays software to predict ischemic stroke, controls with vascular risk factors, and healthy controls in a separate cohort. Data from Stamova et al. 7 necessary before the profiles can be adapted for use in the intensive care unit, emergency room, and other venues where diagnosing pediatric stroke and its causes can be challenging. Even if the profiles are very predictive it takes a minimum of 2 to 3 days to obtain results, so more rapid analysis methods will be required. Furthermore, once all these technical issues are resolved, large multicenter trials will be required to validate any potential profiles for diagnosing ischemic stroke and identifying the causes of ischemic stroke. Future applications of this technology will include identifying patients with intracerebral hemorrhage, sepsis, and many other conditions in which immune cells in blood respond to systemic factors or to focal brain injury.
